Probing the phase composition of silicon films in situ by etch product detection G Exploiting the higher etch probability for amorphous silicon relative to crystalline silicon, the transiently evolving phase composition of silicon films in the microcrystalline growth regime was probed in situ by monitoring the etch product ͑SiH 4 ͒ gas density during a short H 2 plasma treatment step. Etch product detection took place by the easy-to-implement techniques of optical emission spectroscopy and infrared absorption spectroscopy. The phase composition of the films was probed as a function of the SiH 4 concentration during deposition and as a function of the film thickness. The phase composition of microcrystalline silicon defines its material properties and relates directly to device performance of silicon films in photovoltaic applications. 1 The phase transition from microcrystalline to amorphous silicon draws special attention: optimal performance of amorphoussilicon ͑a-Si: H͒ films is obtained close to the onset of crystallite nucleation, in the so-called protocrystalline growth regime, 2 whereas best microcrystalline-silicon ͑c-Si: H͒ solar cell absorber layers are generally deposited within a narrow process parameter window just before entering the a-Si: H growth regime. 3, 4 In situ spectroscopic ellipsometry has been employed successfully for monitoring the film phase composition during growth, 2 but its implementation imposes constraints on reactor design. Optical emission spectroscopy ͑OES͒ is an easy-to-implement in situ diagnostic which is applied frequently to monitor process drifts and to relate the relative abundance of emissive species in the deposition process to resulting film properties. [5] [6] [7] [8] [9] [10] Due to the importance of the atomic hydrogen to SiH x radical flux ratio, emission intensity ratios between excited H * and SiH * ͑or Si * ͒ emission have been correlated to the film crystallinity. [7] [8] [9] [10] Nonetheless, such ratios are strictly empirical, reactor dependent, and require ex situ calibration.
In this letter we present an approach to probe the c-Si: H to a-Si: H phase transition in situ with high accuracy by detecting etch products from the silicon films. Briefly, the method is based on a short H 2 plasma treatment step during which the gas phase density of SiH 4 ͑i.e., the main etch product released from the film surface͒ is detected. Atomic hydrogen preferentially inserts into strained Si-Si bonds 11, 12 resulting in a higher etch rate of a-Si: H relative to c-Si: H. 13, 14 The SiH 4 density in the plasma is observed directly by infrared absorption spectroscopy 15 or, alternatively, indirectly by OES. In the latter method, the SiH * emission is detected as originating from SiH 4 etch product dissociation by electron impact, as also reported by Westlake and Heintze. 13 We will demonstrate that the SiH * emission and the SiH 4 density during H 2 plasma treatment correlate with the a-Si: H fraction of the as-deposited silicon film.
The experiments were carried out on two capacitively coupled parallel plate reactors equipped with showerhead electrode configuration and driven at 13.56 MHz. In the first reactor the plasma is sustained between two 150 cm 2 electrodes with interelectrode distance of 1.0 cm. Deposition was carried out in the high pressure depletion regime optimized for state-of-the-art solar cells, including a pressure of 10 Torr, a plasma power density of 0.5 W / cm 2 , and a substrate temperature of 196± 12°C. 16 The H 2 flow was held constant at 360 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒, whereas the SiH 4 flow was used as the main deposition variable ranging from 0 to 8 SCCM. The second reactor is a large area reactor ͑30ϫ 30 cm 2 ͒ equipped with infrared spectroscopy in the gas exhaust line. This reactor was used to corroborate the results obtained in the first reactor. The deposition parameters include a pressure of 8 Torr, a power density of 0.4 W / cm 2 , and a substrate temperature of 150°C. The H 2 flow was 2000 SCCM and the SiH 4 flow was varied between 30 and 70 SCCM. In-house prepared ZnO coated Corning glass substrates were used in all experiments. Optical emission spectroscopy measurements were performed through a viewport at the side of the reactor using a high resolution spectrometer. 16 The crystalline volume fraction ͑I c RS ͒ of the films was determined from Raman spectra taken at laser wavelengths of 680 and 413 nm and analyzed by the procedure described by Smit et al. 17 Solar cell properties were obtained by AM 1.5 illuminated currentvoltage measurements using a class A double source solar simulator. The experimental procedure to map the phase transition as a function of SiH 4 concentration in the plasma was based on cycles of subsequent deposition and H 2 plasma treatment steps. In every cycle, first an ϳ150 nm thick silicon film was deposited by the H 2 -SiH 4 plasma. Subsequently, after a pump down to Ͻ0.1 Torr, a H 2 plasma treatment of the silicon film was carried out using the same H 2 flow, pressure, plasma power, and substrate temperature as applied under deposition ͑note that these conditions were kept constant within a deposition series͒. The H 2 plasma treatment time was set at Ͻ60 s to diminish H-induced material modification 11, 14, 18 and the influence of redeposition. 19, 20 The time averaged baseline corrected SiH * emission at 414.3 nm proved to scale with the SiH 4 density 13, 21 and is used here as a measure for the abundance of etch products during H 2 plasma treatment. After H 2 treatment the next cycle commences with the deposition of a fresh silicon film on top of the previous film using a different SiH 4 flow. The procedure is schematically represented in the inset of Fig. 1͑a͒ . Figure 1͑a͒ shows the SiH * emission intensity recorded during H 2 plasma treatment as a function of SiH 4 flow used during deposition of the films. The OES signal is observed to increase rapidly for films deposited at SiH 4 flows above 3.25 SCCM. This increase coincides with a drop in the crystalline volume fraction ͓Fig. 1͑b͔͒ of a p-i-n solar cell series in which the silicon films were incorporated as intrinsic absorber layer. The transition toward a-Si: H growth as a function of SiH 4 flow starts in the center of the 10ϫ 10 cm 2 substrate. This lateral nonuniformity in the transition region, which we tentatively attribute to a nonuniform SiH x to H flux ratio toward the substrate, is also reflected by the error bars in the solar cell parameters shown in Fig. 1͑c͒ . These error bars represent the mean deviation of electronic properties of 18 individual solar cells distributed over the substrate. The open circuit voltage ͑V oc ͒ is observed to increase from 400-500 mV ͑typical range for c-Si: H͒ to 700-800 mV ͑typical range for a-Si: H͒.
3,4 The solar energy conversion efficiency ͑͒ is maximal at the point where the OES signal starts increasing, whereas decreases rapidly in the transition region to a-Si: H. The short-circuit current density and fill factor ͑not shown͒ show a similar trend as .
In Fig. 2 the results obtained at the large-area reactor during H 2 plasma treatment of the silicon films are presented. The figure shows the correlation between the SiH * emission intensity and the SiH 4 infrared absorption signal at 2189 cm −1 ͑Q branch͒, validating that the SiH * emission is a measure for the etch product density. The increase of the etch product density in the c-Si: H to a-Si: H transition region indicates an increase in the a-Si: H fraction of the silicon films for SiH 4 flows Ͼ40± 2 SCCM.
From the results on both reactors, it can be concluded that the onset of the c-Si: H to a-Si: H phase transition can be determined accurately even by the easy-to-implement technique of OES. The in situ method was also successfully cross checked on various other reactors operating in a wide range of process settings, including a reactor with very-highfrequency plasma excitation and a roll-to-roll deposition reactor. From the results on the different reactors it follows also that the interpretation of the etch product density in terms of the phase composition of the film on the substrate is not significantly complicated by the contribution from etching other reactor surfaces, e.g., the powered electrode.
The robustness of the technique was also demonstrated by its application for depth profiling of the phase composition of films grown under c-Si: H growth conditions. In these experiments, the phase composition was measured as a function of silicon film thickness using an a-Si: H seed layer as starting surface. The deposition-etch cycle consisted out of three steps: ͑i͒ the deposition of the a-Si: H seed layer to create a well-defined amorphous starting surface, ͑ii͒ the deposition of a silicon film under c-Si: H growth conditions ͑2 SCCM SiH 4 and 360 SCCM H 2 ͒, and ͑iii͒ a short H 2 plasma treatment to probe the crystallinity of the silicon film in the surface region. The thickness of the silicon film depos- ited in step ͑ii͒ was varied per cycle to obtain the change in crystallinity as a function of film thickness. The SiH * emission during H 2 plasma treatment was linearly converted to a so-called surface crystallinity fraction ͑SCF͒ as the crystallinity of the films in the surface region was probed. SCF is defined equal to unity for steady state c-Si: H growth conditions ͓corresponding to the lower plateau in Figs. 1͑a͒ and 2͔ and equal to 0 for the a-Si: H seed layer. The crystalline volume fraction of the silicon films in the surface region was also measured using Raman spectroscopy with a 413 nm laser with a reduced film penetration depth ͑Ͻ20-30 nm͒. This measurement was carried out on selected films covering the thickness range of interest. The results for both the SCF and the Raman crystallinity as a function of the thickness of the film deposited under c-Si: H growth conditions are shown in Fig. 3 . The surface crystallinity remains relatively constant for small film thicknesses ͑up to 25± 10 nm͒, indicating predominantly a-Si: H surface properties. Subsequently the SCF increases with film thickness ͑i.e., the OES signal and H 2 plasma induced etch rate decreased͒ representing the onset of a mixed-phase regime consisting of both crystalline and amorphous materials. Finally, at a thickness of 125± 25 nm, the SCF starts to saturate when single-phase microcrystalline silicon is formed and steady state growth is reached. The Raman crystallinity data I c RS show good agreement with the SCF values obtained by the OES method. The general features of the c-Si: H growth process in Fig. 3 as deduced from in situ etch product monitoring measurements are consistent with reports in the literature. 2, 3, 22 Starting on an amorphous seed layer, deposition evolves from an initial a-Si: H incubation phase, through a mixed-phase region with both microcrystalline and amorphous materials, toward single-phase c-Si: H. Additional experiments employing etch product monitoring revealed that the thicknesses of the incubation-and the mixed-phase regions are critically depending on the SiH 4 concentration in the H 2 -SiH 4 plasma.
In conclusion, we demonstrated that the difference in etch rate between c-Si: H and a-Si: H by atomic hydrogen can be exploited to determine the phase composition of silicon films in situ by etch product detection. The validity of the technique, employing both optical emission spectroscopy and infrared spectroscopy, was cross checked at various reactor configurations and the technique was successfully applied to probe the a-Si: H to c-Si: H transition as a function of process conditions and film thickness. Etch product monitoring facilitates therefore a fast, noninvasive, and accurate exploration of deposition regimes with optimized process conditions as well as the investigation of c-Si: H incubation effects. Consequently, the technique is expected to contribute to technological developments toward silicon film deposition regimes yielding high solar energy conversion efficiencies under improved economically viable conditions. FIG. 3 . ͑Color online͒ The surface crystallinity fraction SCF determined by etch product detection by OES as a function of the silicon film thickness deposited under c-Si: H growth conditions on top of an a-Si: H seed layer. The data are compared to the Raman crystallinity I c RS measured at a laser wavelength of 413 nm for selected samples. The corresponding Raman spectra are shown as inset.
